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The influential theorems of Hawking and Penrose demonstrate that spacetime singularities are
ubiquitous features of general relativity, Einstein’s theory of gravity. The utility of classical general
relativity in describing gravitational phenomena is maintained by the cosmic censorship principle.
This conjecture, whose validity is still one of the most important open questions in general relativity,
asserts that the undesirable spacetime singularities are always hidden inside of black holes. In this
Letter we reanalyze extreme situations which have been considered as counterexamples to the cosmic
censorship hypothesis. In particular, we consider the absorption of fermion particles by a spinning
black hole. Ignoring quantum effects may lead one to conclude that an incident fermion wave may
over spin the black hole, thereby exposing its inner singularity to distant observers. However, we
show that when quantum effects are properly taken into account, the integrity of the black-hole event
horizon is irrefutable. This observation suggests that the cosmic censorship principle is intrinsically
a quantum phenomena.
Spacetime singularities that arise in gravitational col-
lapse are always hidden inside of black holes, invisible to
distant observers. This is the essence of the weak cosmic
censorship conjecture (WCCC), put forward by Penrose
forty years ago [1, 2, 3, 4]. The validity of this hypothesis
is essential for preserving the predictability of Einstein’s
theory of gravity. The conjecture is based on the com-
mon wisdom that singularities are not pervasive [4] and
it has become one of the cornerstones of general relativ-
ity. Moreover, it is being envisaged as a basic principle
of nature. However, despite the flurry of research over
the years, the validity of this conjecture is still an open
question (see e.g. [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23] and references therein).
The destruction of a black-hole event horizon is ruled
out by this principle because it would expose the inner
singularities to distant observers. Moreover, the hori-
zon area of a black hole, A, is associated with an en-
tropy SBH = A/4 [24] (we use natural units in which
G = c = h¯ = 1). Therefore, without any obvious physical
mechanism to compensate for the loss of the black-hole
enormous entropy, the destruction of the black-hole event
horizon would violate the generalized second law (GSL)
of thermodynamics [24]. For these two reasons, any pro-
cess which seems, at first sight, to remove the black-hole
horizon is expected to be unphysical. For the advocates
of the cosmic censorship principle the task remains to
find out how such candidate processes eventually fail to
remove the horizon.
According to the uniqueness theorems [25, 26, 27, 28,
29], all stationary solutions of the Einstein-Maxwell equa-
tions are uniquely described by the Kerr-Newman met-
ric which is characterized by three conserved parameters:
the gravitational massM , the angular momentum J , and
the electric charge Q. A black-hole solution must satisfy
the relation
M2 −Q2 − a2 ≥ 0 , (1)
where a ≡ J/M is the specific angular momentum of
the black hole. Extreme black holes are the ones which
saturate the relation (1). As is well known, the Kerr-
Newman metric with M2−Q2−a2 < 0 does not contain
an event horizon, and it is therefore associated with a
naked singularity rather than a black hole.
One may try to “over spin” a black hole by injecting
into it particles with small energy and large angular mo-
mentum. In this work we inquire into the physical mech-
anism which protects the black-hole horizon from being
eliminated by the absorption of waves which may “super-
saturate” the extremality condition, Eq. (1). In order to
analyze such processes one should study the propagation
and scattering of various fields in the black-hole space-
time.
The dynamics of a wave field Ψ in the rotating Kerr-
Newman spacetime is governed by the Teukolsky equa-
tion [30, 31]. One may decompose the field as
Ψlm(t, r, θ, φ) = e
imφ
sSlm(θ; aω)sψlm(r; aω)e
−iωt , (2)
where (t, r, θ, φ) are the Boyer-Lindquist coordinates, ω is
the (conserved) frequency of the mode, l is the spheroidal
harmonic index, and m is the azimuthal harmonic index
with −l ≤ m ≤ l. The parameter s is called the spin
weight of the field, and is given by s = ±2 for gravita-
tional perturbations, s = ±1 for electromagnetic pertur-
bations, s = ± 12 for massless neutrino perturbations, and
s = 0 for scalar perturbations. (We shall henceforth omit
the indices l,m, and s for brevity.) With the decomposi-
tion (2), ψ and S obey radial and angular equations, both
of confluent Heun type [32, 33], coupled by a separation
constant A(aω) [34].
For the scattering problem one should impose physi-
cal boundary conditions of purely ingoing waves at the
2black-hole horizon and a mixture of both ingoing and
outgoing waves at infinity (these correspond to incident
and scattered waves, respectively). Namely,
ψ ∼
{
e−iωy +R(ω)eiωy as r →∞ (y →∞) ;
T (ω)e−i(ω−mΩ)y as r → r+ (y → −∞) ,
(3)
where the “tortoise” radial coordinate y is defined by
dy = [(r2+a2)/∆]dr, with ∆ ≡ r2−2Mr+Q2+a2. [The
zeroes of ∆, r± =M ± (M2 −Q2 − a2)1/2, are the black
hole (event and inner) horizons.] Here Ω = a/(r2+ + a
2)
is the angular velocity of the black hole. The coefficients
T (ω) and R(ω) are the transmission and reflection am-
plitudes for a wave incident from infinity.
The transmission and reflection amplitudes satisfy
the usual probability conservation equation |T (ω)|2 +
|R(ω)|2 = 1. The calculation of these scattering ampli-
tudes in the low frequency limit, Mω ≪ 1, is a common
practice in the physics of black holes, see e.g. [35, 36]
and references therein. For boson fields (s = 0,±1,±2)
one finds [22, 36]
|T (ω)|2 ∼ ω −mΩ
piTBH
(ATBHω)
2l+1 , (4)
for the transmission probability, where TBH = (r+ −
r−)/A is the Bekenstein-Hawking temperature of the
black hole, and A = 4pi(r2+ + a
2) is its surface area.
The transmission probability, Eq. (4), implies that
those modes for which the frequency ω and the azimuthal
quantum number m are related by ω < mΩ have nega-
tive transmission probabilities. These modes are actually
amplified rather than absorbed. This is the well-known
black-hole superradiance phenomena [37, 38]. One there-
fore finds that only modes for which
ω > mΩ , (5)
can be absorbed by the black hole. Thus, it is impos-
sible to increase the black-hole spin without increasing
its mass simultaneously. This fact guarantees that the
black-hole condition, Eq. (1), would still be respected
after the absorption of the mode [22, 39]. One there-
fore concludes that the incident mode cannot remove the
black-hole horizon. Cosmic censorship is therefore re-
spected!
We have just learned that, thanks to the superradiance
phenomena the black-hole is protected from being over
spinned by an incident bosonic mode. It should be em-
phasized, however, that the same cannot be said if the
incident mode is of a fermion type. It is a well-known
fact that there is no superradiance effect for fermion fields
[23, 40, 41, 45, 46, 47]. That is, the superradiant term
ω − mΩ is absent from the expression of the transmis-
sion probability of fermion fields. For fermion fields one
simply finds [23, 36]
|T (ω)|2 ∼ (ATBHω)2l+1 . (6)
It may therefore seem, at first sight, that fermion par-
ticles of low-energy and high angular momentum are
not hindered from entering the black hole. This has
led Richartz and Saa [23] to conclude that an incident
fermion wave may over spin the black hole, thereby ex-
posing its inner singularity to distant observers.
Everything in our past experience in physics tells us
that a black hole should defeat any attempt of destroying
its event horizon. It seems every time we think we have
finally found a sophisticated way of violating the cosmic
censorship conjecture, nature still has the final word. The
cosmic censorship principle asserts that nature should al-
ways provide a black hole with some physical mechanism
which would protect its integrity, thereby preventing one
from exposing the black-hole inner singularity.
Where should we look for the physical mechanism
which may protect the cosmic censorship principle in the
current case ? The absence of superradiance for fermion
fields is a direct consequence the Pauli exclusion princi-
ple (for fermion fields there can only be one quantum per
state). Being a quantum principle, it suggests that there
may be some quantum phenomena which protects the in-
tegrity of the black-hole horizon in the present gedanken
experiment.
Indeed, it has been shown by Unruh [40, 41] that
the intrinsic parity non-conservation of neutrinos (i.e.,
massless neutrinos have only one helicity) would lead to
vacuum polarization effects about a spinning black hole.
What is the physical cause for this polarization effect? In
the rotating Kerr spacetime there is a gravitational spin-
orbit coupling between orbiting particles and the black-
hole spin. Near the black hole (more precisely, inside
the ergosphere), the spin-orbit coupling becomes strong
enough to create negative energy orbits (as seen from in-
finity) [42]. The phenomena of vacuum polarization in
the Kerr spacetime is a direct consequence of the possi-
bility of decay into such negative-energy orbits [40, 41].
The vacuum polarization effect is the wave analog of
the Penrose process [43], in which rotational energy can
be extracted from a rotating black hole. The process
utilizes the existence of retrograde particle orbits in the
ergosphere of rotating black holes, for which the energy,
as it would have been measured by an observer at in-
finity, is negative [44]. Such orbits can not come out to
infinity. However, the negative-energy particles can in-
duce changes in the energies of other particles, which do
come out to infinity.
The spontaneous polarization of the vacuum around
rotating black holes involves the creation of two modes.
One of these modes is co-rotating with the black hole
and is characterized by a positive energy as measured at
infinity, while the other one is counter rotating, having
negative energy. The positive-energy particle can escape
to infinity, while the negative-energy particle must fall
into the black hole. An observer at infinity may detect
the emitted positive-energy particle. He also measures a
3decrease in the rotational energy of the black hole, caused
by the infall of the retrograde, negative-energy particle
into it. He therefore concludes that by the spontaneous
polarization process rotational energy was extracted from
the black hole [43, 44].
It is worth noting that, the fact that the energy-
momentum tensor of neutrinos can have negative values
inside the ergosphere [40, 41, 45, 46, 47] is in imme-
diate contradiction with the positive energy condition.
This energy criterion is commonly assumed to be valid
for classical matter distributions. Thus, the spontaneous
creation of particles in the Kerr spacetime is obviously a
quantum phenomena.
It should be emphasized that the quantum polariza-
tion effect of neutrinos in the Kerr spacetime exists even
for extremal, zero-temperature black holes. In fact, tak-
ing cognizance of Hawking’s expression for the expected
number of particles in each fermion mode of the black-
hole radiation [48]
< Nlmsω >= |Tlms(ω)|2{exp[(ω −mΩ)/TBH ] + 1}−1 ,
(7)
and substituting TBH = 0 for the extremal limit, one
finds
< Nlmsω >= |Tlms(ω)|2 Θ(mΩ− ω) , (8)
where Θ(x) is the Heaviside step function.
The result Eq. (8) implies that even cold (TBH = 0)
spinning black holes emit fermion particles with frequen-
cies below mΩ. As indicated by Unruh [40, 41], this
vacuum polarization effect serves to constantly decrease
both the mass and the angular momentum of the black
hole. It should be emphasized that only fermion modes
for which ω < mΩ are being spontaneously emitted by
the extremal spinning black hole. This implies that the
black hole loses angular momentum more rapidly than
it loses its (squared) mass. One therefore concludes
that the black hole is constantly pushing itself away
from the extremal limit [that is, the dimensionless ratio
(r+− r−)/r+ increases with time due to the spontaneous
emission of neutrinos].
The important point to realize is that the Pauli ex-
clusion principle would prevent one from beaming low-
energy neutrinos (characterized by ω < mΩ) on the ro-
tating black hole any more rapidly than they are spon-
taneously emitted [49]. Thus, the exclusion principle im-
plies that one can at best suppress the constant increase
of the ratio (r+− r−)/r+. Cosmic censorship is therefore
respected!
A closely related problem is that of a rotating black
hole immersed in a thermal radiation bath [50]. Tak-
ing into account the quantum character of the black
hole (namely, the spontaneous polarization of the vac-
uum around the black hole) one finds that the probability
p(0|1) that one fermion mode is incident upon the black
hole with no reflection is given by [50]
p(0|1) = |T (ω)|2(1 + e−x)−1 , (9)
where
x ≡ (ω −mΩ)/TBH , (10)
and |T (ω)|2 is given by Eq. (6).
The absorption probability (9) implies that the claim
of Ref. [23] that the probability to over spin a black hole
is given by |T (ω)|2 [as defined in Eq. (6)] is actually
erroneous. The correct probability, given by Eq. (9), is
actually suppressed by a factor of (1+ e−x)−1. It is clear
that in order to over spin the black hole one must con-
sider an incident mode characterized by ω < mΩ (that
is, a mode with x < 0). For extremal black holes (char-
acterized by TBH = 0) this implies x → −∞, and one
therefore finds from Eq. (9) that p(0|1) = 0. The inci-
dent mode is therefore reflected with probability 1. In
particular, it fails to over spin the extremal black hole.
Suppose we have a near extremal black hole with mass
M and angular momentum J = M2 − 1 (this is the
“nearest extreme” black hole considered in [23]). Of
course, our analysis is meaningful only in the semiclas-
sical regime, where M >> 1. In this limit, the tem-
perature of the near-extremal black hole is given by
TBH ≃
√
2/4piM2. Consider an incident mode with small
frequency and l = m = 3/2. In this case x = −3piM/√2.
Taking cognizance of Eq. (9) one finds that the proba-
bility of such a ‘dangerous’ mode to be absorbed by the
black hole is
p(0|1) = |T (ω)|2e−3piM/
√
2 . (11)
It is obvious that the absorption probability is extremely
small in the semiclassical regime M >> 1 considered
here. For example, for a black hole of massM = 1gr, the
suppression factor (1 + e−x)−1 is ∼ 10−133009 [51]. The
number 10133009 is much larger than the total number
of particles in the whole universe. It is therefore clear
that the absorption probability of a dangerous mode is
practically zero.
Moreover, such dangerous absorptions (with extremely
low probability) are not cumulative– most of the incident
modes will merely be scattered off the black hole. In
being scattered they will always radiate into the black
hole some gravitational waves [38] which will push the
black hole away from the extremal limit.
In summary, extreme situations which have been con-
sidered as counterexamples to the weak cosmic censorship
conjecture were reexamined. In particular, we have re-
analyzed gedanken experiments in which fermion waves
are beamed from far away towards a near-extremal ro-
tating black hole. The unique feature which charac-
terizes fermion fields is the absence of the superradi-
ance phenomena. It therefore seems, at first sight, that
4fermion modes of low energy and large angular momen-
tum can be absorbed by the black hole. One may thus
give in to the temptation of concluding that the black
hole can acquire enough angular momentum to over spin,
M2−Q2−a2 < 0. Previous analyzes [23] indeed claimed
that this process may provide a counterexample to the
WCCC. However, we have demonstrated that a more
complete analysis of the gedanken experiment (in which
quantum effects are properly taken into account) reveals
that it does not violate the weak cosmic censorship con-
jecture.
The physical mechanism which protects the integrity of
the black-hole horizon in this gedanken experiment is the
spontaneous emission of low-energy (ω < mΩ) fermions
by the rotating black hole (quantum instability of the
vacuum around a spinning object). This vacuum polar-
ization effect was discovered by Unruh in the 70’s after
performing a detailed analysis of the second quantization
of fields in the rotating Kerr spacetime [40, 41]. It is inter-
esting to note that, historically one could have predicted
the existence of such a spontaneous quantum emission al-
ready in the 60’s, following the formulation of the cosmic
censorship principle. We thus conclude that the cosmic
censor must be cognizant of both general relativity and
quantum physics.
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